Abstract Paulownia is a tree native to China, with important ecological and economic value. Long noncoding RNAs (lncRNAs) are known to play important roles in eukaryotic gene regulation. However, no lncRNAs have been reported in Paulownia so far. We performed RNA sequencing of two Paulownia tomentosa lncRNA libraries constructed from the terminal buds of normal untreated seedlings and 60 mg L -1 MMS-treated seedlings, and obtained a total of 2531 putative lncRNAs. The average length of the lncRNA transcripts was much less than the average length of the mRNA transcripts in the P. tomentosa libraries. A few of the Paulownia lncRNAs were conserved among ten species tested. We identified seven lncRNAs as precursors of 13 known miRNAs, 15 lncRNAs may act as target mimics of 19 miRNAs, and 351 unique noncoding sequences belonging to 133 conserved lncRNA families. In addition, we identified 220 lncRNAs responsive to methyl methane sulfonate (MMS), including seven phytohormonerelated lncRNAs and one lncRNAs involved in base excision repair. This is the first time that lncRNAs have been explored in Paulownia. The lncRNA data may also provide new insights into the MMS-response in P. tomentosa.
Introduction
The genomes of most organisms contain DNA that does not encode proteins (Wilusz et al. 2009 ). This DNA is called noncoding DNA. Some noncoding DNA is transcribed into functional noncoding RNA molecules (e.g. transfer RNA, ribosomal RNA (rRNA), and regulatory RNAs), the remaining noncoding DNA is either not transcribed or produces noncoding RNAs (ncRNAs), which are predicted to play essential roles in a variety of biological processes (Pauli et al. 2011) . The ncRNAs mainly take three forms, housekeeping RNAs, small ncRNAs, and long ncRNAs (lncRNAs) (Knauss and Sun 2013) . Some housekeeping and small ncRNAs have been characterized, and lncRNAs have been implicated to play roles in regulating gene expression and cellular functions, especially in cancer (Pan et al. 2017; Su et al. 2017) .
In plants, lncRNAs have been found to play important roles in growth, development, and differentiation, and in stress responses (Ben Amor et al. 2009) . A cold-induced Arabidopsis lncRNA was shown to play an early role in the epigenetic silencing of the FLC transcription factor, by silencing FLC transcription transiently (Swiezewski et al. 2009 ). In rice, a lncRNA, XLOC_057324, was demonstrated to play a role in panicle development and fertility, and a large number of lncRNAs involved in sexual reproduction has been identified (Zhang et al. 2014) . Another rice lncRNA was found to regulate photoperiod-sensitive male sterility, which is an essential component of hybrid (Ding et al. 2012) . In cotton, several lncRNAs might be involved in fiber initiation and elongation (Wang et al. 2015a) . In Fragaria vesca, tissue-specific lncRNA expression, important to strawberry flower and fruit development, has been identified (Kang and Liu 2015) . LncRNAs were suggested to influence growth and wood properties of Populus tomentosa (Tian et al. 2016) . LncRNAs also showed pivotal functions in plants exposed to biotic and abiotic stresses. In Brassica napus, 931 differentially expressed lncRNAs were identified in response to Sclerotinia sclerotiorum infection (Joshi et al. 2016) . Tomato lncRNA16397 induced SlGRX22 expression to reduce reactive oxygen species accumulation and alleviate cell membrane injury, resulting in enhanced resistance to Phytophthora infestans (Cui et al. 2017) . In Medicago truncatula, lncRNAs regulate the osmotic and salt stress responses of plants through complex regulatory networks with protein-coding genes (Wang et al. 2015b) . In cotton, lncRNAs may be involved in regulating plant hormone pathways in response to drought stress (Lu et al. 2016 ). In the perennial and woody plant, Populus trichocarpa, 504 lncRNAs were found to be drought responsive (Shuai et al. 2014) . All these studies point to diverse functions of plant lncRNAs, which indicates their importance in functional studies of plants. Paulownia are perennial woody trees indigenous to China (Essl 2007) . Their rapid growth rate, good wood properties, and ability to adapt to poor environmental conditions have given these trees considerable economic and ecological value (Yadav et al. 2013) . The genus Paulownia currently comprises seven species and a number of hybrids (The International Plant Names Index). The limited germplasm resource is a restraint in Paulownia improvement. To expand the available Paulownia germplasm resources, methyl methane sulfonate (MMS), which has been used for many years as a DNA damaging agent to induce mutagenesis (Lundin et al. 2005) , has been used in Paulownia molecular breeding programs. We used MMStreated Paulownia to screen the whole genome for lncRNAs, and bioinformatics tools to identify lncRNAs that may play essential roles in a variety of biological processes (Kornienko et al. 2013) . The results may provide new potential in light of Paulownia breeding programs.
Using the complete Paulownia genome sequencing (http://paulownia.genomics.cn), we aimed to identify and characterize the lncRNAs in Paulownia. LncRNAs target genes were predicted to help in understanding the functions of lncRNAs, and the lncRNAs associated with the MMSresponse were revealed.
Materials and methods

Plant materials
All the biological materials used in this study were obtained from Institute of Paulownia, Henan Agricultural University, China. Tissue-cultured seedlings of Paulownia tomentosa were cultured for 30 days before being clipped from the roots. The cultivation and MMS treatment procedures were as described by Fan et al. (2015) . Details were provided in the supplemental protocol 1. The terminal buds were sheared from the normal untreated seedlings (PT) and 60 mg L -1 MMS-treated seedlings (PT-60) of P. tomentosa, and stored at -80°C for further use.
RNA preparation, lncRNA library construction, and high-throughput sequencing Total RNA was extracted from the terminal buds of P. tomentosa using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and treated with RNase-free DNase (Promega, Madison, WI) according to the manufacturer's instructions. The quality and quantity of total RNA was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Integrity of the isolated RNA was determined on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) using the Plant RNA Nano chip assay in accordance with the manufacturer's instructions. Total RNA was used to construct RNA-Seq libraries using a TruSeq Stranded Total RNA preparation kit with RiboZero Plant (Illumina Inc., San Diego, CA, USA) according to the manufacturer's instructions. The libraries were sequenced on an Illumina HiSeq 2000 platform. Reads with more than 10% N (Unable to determine base information), with adapter sequence, or of low quality were removed from the raw reads to obtain clean reads. To remove the remaining ribosomal RNA (rRNA) reads, the clean reads were mapped to the SILVA rRNA database (http://www.arb-silva.de/) using the soft read alignment software SOAP2. Finally, the clean reads were compared with the Paulownia genome sequence using TopHat2 (Trapnell et al. 2012) . The libraries preparation and deep sequencing were performed by Beijing Genomics Institute (Shenzhen, China).
LncRNA identification
The assembled transcripts were annotated using the Cuffcompare program from the Cufflinks package (Trapnell et al. 2012 ). The known protein-coding transcripts were identified according to the Paulownia genome sequence annotations. The remaining unknown transcripts were used to screen for putative lncRNAs. Transcripts smaller than 200 bp were excluded. Then, the coding potential for the remaining transcripts was determined by the Coding Potential Calculator based on quality, completeness, and sequence similarity with the open reading frames of proteins in the protein databases (Kong et al. 2007) . A transcript was deemed to be noncoding if the coding potential was scored to be less than 0, which suggested the transcript had no protein-coding capacity. The MMS-response lncRNAs were identified according to the methods of previous studies (Cui et al. 2017; Tian et al. 2016 ).
Genomic characterization of lncRNAs
We determined the distribution of the identified lncRNA on the Paulownia chromosomes according to the description of Li et al. (2016) . The lncRNAs were classified into several categories according to their genomic location and the method of Roberts et al. (2011) . To explore lncRNA conservation, all the lncRNA sequences identified in this study were aligned against CANTATAdb (http://yeti.amu. edu.pl/CANTATA) using BLASTN (E-value \ 1e-5). To identify lncRNAs that may act as microRNA (miRNA) precursors, we aligned the lncRNA sequences to the miRNA sequences in miRBase (Release 21, http://www. mirbase.org/), criteria were sequence coverage more than 90%. The secondary structures of the lncRNAs and the miRNA precursors were predicted using RNAfold in the Vienna RNA package (http://rna.tbi.univie.ac.at/). Analysis of lncRNAs as target mimic of miRNAs were done according to the method in a previous study (Wu et al. 2013 ).
Target gene prediction
Many studies have indicated that one major function of lncRNAs is regulating the expression of neighboring protein-coding genes (Mercer et al. 2009; Tian et al. 2016; Wang et al. 2015b) . The relative loci between lncRNAs and their neighbors can be exhibited using Integrative Genomics Viewer (Robinson et al. 2011) . We used an algorithm that searches for potential cis target genes that were physically close (within 10 kb) to the lncRNAs (Jia et al. 2010) . We used another algorithm to search for potential trans target genes in the Paulownia mRNA database. This algorithm is based on mRNA sequence complementarity and RNA duplex energy prediction, which assess the impact of lncRNA binding on complete mRNA molecules. First, we used BLAST to select target sequences complementary to the lncRNAs, setting E-value \ 1e-5 and identity C95%. Then, we used the RNAplex software to calculate the complementary energy between the lncRNA and target gene sequences to select potential trans-acting target genes (Tafer and Hofacker 2008) .
Real-time quantitative PCR
The total RNA was reverse transcribed into cDNA and used to measure the expression of lncRNAs by quantitative Real-Time PCR (qRT-PCR). The qRT-PCR was performed on a DNA Engine Opticon 2 machine (MJ Research, Waltham, MA, US) using a LightCycler FastStar DNA master SYBR Green I kit (Roche Diagnostics, Mannheim, Germany). The primers were designed using Primer Express 3.0 (Applied Biosystems, Stockholm, Sweden) and the specificity of primer pairs was checked by sequencing the PCR products. All qRT-PCR amplifications were carried out in triplicate, with the standard reaction program. The specificity of the amplified fragments was checked using the generated melting curve. The generated real-time data were analyzed using the Opticon Monitor Analysis Software 3.1 tool and standardized to the levels of 18S RNA using the 2 -DDCt method (Livak and Schmittgen 2001) . The primers used for qRT-PCR are listed in Table S1 .
Gene ontology and pathway enrichment analysis
Gene Ontology (GO) terms were assigned to the predicted target genes with AgriGO (http://bioinfo.cau.edu.cn/ agriGO) (Du et al. 2010) . The Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.gen ome.ad.jp/kegg) was used to assign the target genes to pathways, and an enrichment analysis was conducted to analyze the potential functions of the target genes.
Results
Identification and characterization of lncRNAs in Paulownia
We used the total RNA extracted from the terminal buds of normal untreated seedlings (PT) and 60 mg L -1 MMStreated seedlings (PT-60) of P. tomentosa to construct RNA-Seq libraries that were sequenced on an Illumina HiSeq 2000 platform. Details of the RNA-Seq data are shown in Table S2 . A genome-wide systematic identification of lncRNAs found 2515 and 2499 lncRNAs in the PT and PT-60 libraries, respectively (Fig.S1 ). In total, we obtained 2531 lncRNAs, including 42 lncRNAs that had exonic overlap with a known transcript (class code 'o'), 2071 intergenic lncRNAs (class code 'u'), 392 exonic lncRNAs present on the opposite strand (class code 'x'), and 26 lncRNAs with class code 'j' representing novel long noncoding isoforms with at least one splice junction shared with the reference genes ( Table 1) . Most of the lncRNAs were intergenic, which is consistent with other studies. Detailed information of the 2531 putative lncRNAs is shown in Table S3 .
We further characterized the basic genomic features of the 2531 lncRNAs. The distribution of the lncRNAs in the Paulownia chromosomes showed that they were evenly distributed in each chromosome (Fig. 1c) . All the lncRNAs were searched against the genomes of Arabidopsis thaliana, Oryza sativa, Glycine max, Selaginella moellendorfii Hieron, Chlamydomonas reinhardtii, Physcomitrella patens, Amborella trichopoda, Solanum tuberosum, Vitis vinifera, and Zea mays using BLAST. The results showed that only a few of the Paulownia lncRNAs were conserved across the ten species (Table 2 and S4); the highest number matched V. vinifera lncRNAs, likely because Paulownia and V. vinifera are the most closely related in evolution. The longest conserved lncRNA sequence length was 564 nt, which matched a lncRNA in potato. Interestingly, in Amborella, a relatively lower plant, the number of conserved lncRNAs and the conserved lncRNA sequence length ranked at the middle level among the ten species. In addition, only nine of the Paulownia lncRNAs were conserved with Z. mays lncRNAs, and the longest conserved lncRNA sequence was 225 nt, which is lower than that in Chlamydomonas (17 conserved lncRNAs, 65nt), Physcomitrella (17 conserved lncRNAs, 73nt), and G. max (21 conserved lncRNAs, 178nt). The conservation of lncRNAs can be judged by the number of conserved lncRNAs as well as the length of conserved lncRNA sequences.
The lengths of the Paulownia lncRNA transcripts (median length of 977 nucleotides) were shorter than Populus lncRNA transcripts (Tian et al. 2016) , while the lengths of the transcripts of Paulownia protein-coding genes (median length of 1913 nucleotides) were longer than those of Populus (Tian et al. 2016) (Fig. 1b) . And the lncRNA transcript sequences were shorter than the transcripts of protein-coding genes, which is consistent with previous studies (Li et al. 2016) .
We examined the lncRNA sequences to determine if they could be precursors of known miRNAs. We aligned the 2531 lncRNAs to miRNA precursor sequences from miRBase, and identified seven lncRNAs as possible precursors of 13 known miRNAs (Table S5) . We identified 15 lncRNAs that may act as target mimics of 19 miRNAs (Table S6) . To annotate the lncRNAs from an evolutionary point of view, we classified the Paulownia lncRNAs into different ncRNA families using INFERNAL (Nawrocki et al. 2009 ). Based on consensus secondary structure annotation using a covariance model, we identified 350 unique ncRNA sequences belonging to 133 conserved lncRNA families (Table S7 ). MiRNA and small nucleolar RNA families accounted for most of the conserved lncRNA families.
Validation of transcription levels of Paulownia lncRNAs and genes
To confirm the expression of Paulownia lncRNAs and their response to MMS, we performed a qRT-PCR analysis to verify the results of the high-throughput RNA-Seq. We randomly selected twelve lncRNAs and genes for qRT-PCR validation. The expression levels of 11 of the selected lncRNAs and all of the selected mRNAs matched those of the high-throughput RNA-Seq data. The results demonstrated that in most cases, the qRT-PCR results were consistent with those of RNA-Seq (Figs. 2 and 3) .
LncRNA target prediction, annotation, and enrichment analysis
The identification and analysis of target genes of lncRNAs could give insights into their role as lncRNAs have roles in regulating gene expression. We identified 6302 potential target genes for 2379 lncRNAs; among them, 2021 genes were predicted as trans-regulated genes that were targeted by 2108 lncRNAs, and 4672 genes were predicted as cisregulated genes that were targeted by 2202 lncRNAs (Table S8 ). Our results show that a single target gene could be regulated by one or more lncRNAs, and one lncRNA could have more than one target gene. Among these lncRNAs, 265 lncRNAs had only one target gene each, and four lncRNAs (TCONS_00003323, TCONS_00003324, TCONS_00011440, TCONS_00015211) had 11 target genes each. Furthermore, among these target genes, 4483 target genes were targeted by only one lncRNA each, and four target genes (PAU020236.1, TCONS_00003332, TCONS_00021835, TCONS_00021836) were targeted by 10 lncRNAs each (Table S8) .
LncRNAs responsive to MMS
Differentially expressed lncRNAs and genes with P values \ 0.05 and fold change [ 2 or \ 2 (fold change =FPKM of PT/FPKM of PT-60) were regarded as statistically significant. We identified 220 lncRNAs with MMSresponsive expression patterns; 62 were up-regulated and 158 were down-regulated (Table S9 ). Nine and 15 of these lncRNAs exhibited [ 10-fold increases and decreases in expression, respectively. A large proportion of the differentially expressed lncRNAs exhibited a \ fourfold change, and 11 and 5 lncRNAs were expressed only in PT or PT-60, respectively. Among the MMS-responsive lncRNAs, 162 (34 up-and 128 down-regulated) belonged to class code 'u', and 54 (25 up-and 29 down-regulated), 3 (upregulated), and 1 (down-regulated) belonged to class codes 'x', 'j', and 'o', respectively. We identified 681 target genes for the 220 MMS-response lncRNAs (Table S10) . Among them, 173 transregulated target genes were predicted for 173 MMS-response lncRNAs, and 577 cis-regulated target genes were predicted for 176 MMS-response lncRNAs. Among the 681 predicted target genes, 94 were differentially expressed in PT vs. PT-60 and were targeted by 76 MMS-response lncRNAs (Table S11 ). Of the 94 target genes, 17 were trans-regulated target genes for 17 MMS-response lncRNAs, and 90 were cis-regulated target genes for 66 MMS-response lncRNAs. Clearly, one MMS-response lncRNA corresponded to more than one cis/trans-regulated target gene and vice versa. In total, 107 lncRNAs-target pairs were identified; 47 of the target genes were up-regulated and 60 were down-regulated. We also found different expression changes between lncRNAs and theirs targets. In PT vs. PT-60, the trend of expression changes was the same for 72 lncRNAs and their target genes, and opposite for 35 lncRNAs and their targets.
We performed GO analysis for the 94 differentially expressed target genes, and assigned 15 function groups under the three main GO categories, biological process, cell component, and molecular function, in which ''cellular process'' and ''metabolic process'', ''cell'' and ''cell part'', and ''catalytic activity'' were the largest groups, respectively (Fig. 4) . The KEGG analysis results indicated that the target genes were enriched in 38 pathways, among which, the plant hormone signal transduction pathway was significant enriched (Table S12) . Seven potential target genes for seven lncRNAs were related to this pathway; with two target genes related to signal transduction of auxin, two with jasmonic acid, and one each with gibberellin, ethylene, and brassinosteroid, respectively. These results suggested that MMS may significantly influence hormone signal transduction in Paulownia. Furthermore, one target gene of a lncRNA was mapped to the base excision repair (BER) pathway, which may be involved in repairing the DNA damage caused by alkylating agents (MMS) (Lindahl and Wood 1999) . This result is consistent with the idea that MMS can cause DNA damaging.
Discussion
LncRNAs have been shown to play important roles in plant development, and other biological processes. Compared with animals, including human, the study of lncRNAs in plants has lagged behind, and most studies have been carried out in Arabidopsis. Recently, some lncRNAs associated with growth and wood properties were identified in trees (Populus) (Chen et al. 2015; Shuai et al. 2014; Tian et al. 2016) . Because Paulownia has important ecological and economic value, we investigated the expression profiles of lncRNA in P. tomentosa seedlings. In this study, we used a highthroughput sequencing technique to scan the whole genome of Paulownia, and identified 2531 lncRNAs; among them, 26, 42, 392, and 2071 lncRNAs were identified as class code 'j', 'o', 'u', and 'x', respectively. This categorization is similar to the one reported for lncRNAs in Brassica napus (Joshi et al. 2016 ). The lncRNA sequences was shorter than the mRNA sequences, which is consistent with other studies (Hao et al. 2015; Wang et al. 2014; Zhang et al. 2014 ). In addition, we found that some lncRNAs might be precursors and target mimics of miRNAs. Plant hormones have varied roles including regulation of signaling networks in response to biotic and abiotic stresses and plant developmental processes. In this study, we discovered seven lncRNAs that targeted seven plant hormone-related mRNAs responsive to MMS. The target genes were related to auxin, brassinosteroid, gibberellin, ethylene, and jasmonic acid, which suggested the lncRNAs may modulate genes involved in plant hormone signal transduction. Among the phytohormone-related lncRNAs, three were up-regulated and four were down-regulated. Among their target genes, three were up-regulated and four were down-regulated. LncRNAs are known to regulate Fig. 4 GO analysis for the differentially expressed target genes target genes in various ways. For example, TCONS_00001122 was up-regulated and its target gene, auxin influx carrier, was also up-regulated; while TCONS_00024558 was up-regulated and its target gene, integrator complex subunit 8, was down-regulated. We found a considerable number of mRNAs that may be modulated by multiple lncRNAs, and lncRNAs that had multiple targets. In the seven phytohormone-related lncRNAs-target pairs, one lncRNA had one target; however, TCONS_00001122 had another target that was not related to phytohormones. Plant hormones may be regulated by MMS-response lncRNAs, implying that MMS could disturb the balance of phytohormone. DNA damage caused by alkylating agents is repaired predominantly by the BER pathway. BER contributes to correction of endogenous changes such as damage base exicision, uracil arising from deamination of cytosine, and i DNA demethylation (Lindahl and Wood 1999) . In a previous, study, we showed that MMS could influence DNA methylation levels (Cao et al. 2014) . Target genes (PAU001094.1) of MMS-response lncRNAs mapped to the BER pathway, indicating MMS treatment may influence BER and result in DNA damage. In future research, we will focus on these MMS-responsive lncRNAs, especially those involved in plant hormone signal transduction and BER.
Conclusions
In this study, we reported the profiling of Paulownia lncRNAs on a genome-wide scale for the first time. We identified 2531 lncRNAs, and 2379 of them had 9197 potential target genes. Most lncRNAs had more than one target gene, and most target genes were regulated by multiple lncRNAs. Moreover, we identified 220 lncRNAs and 107 lncRNA-target pairs that were responsive to MMS. The lncRNA data may provide new insights into the complicated regulatory mechanisms of MMS, which could then be used to conduct extensive genetic engineering for potential improvements in Paulownia breeding programs. Analysis of the predicted lncRNA target genes will help to elucidate the mutagenesis effect of MMS treatments.
